Capsaicin (CAP)-activated ion channel plays a key role in generating nociceptive neural signals in sensory neurons. Here we present evidence that intracellular ATP upregulates the activity of capsaicin receptor channel. In inside-out membrane patches isolated from sensory neurons, application of CAP activated a nonselective cation channel (i cap ). Further addition of ATP to the bath caused a significant increase in i cap , with a K 1/2 of 3.3 mM. Capsaicin (CAP), the pungent ingredient of hot peppers, excites small sensory neurons and thereby causes pain or neurogenic inflammation (Bevan and Szolcsanyi, 1990; Szallasi and Blumberg, 1999) . In cultured dorsal root ganglion (DRG) neurons, CAP has been shown to activate a nonselective cation channel and produce influx of cations (Bevan and Szolcsanyi, 1990; Oh et al., 1996) . The activation of this cation channel is probably responsible for the excitation of a group of sensory neurons. A cDNA, vanilloid receptor 1 (VR1), that encodes a channel sensitive to CAP has recently been cloned (Caterina et al., 1997) . A striking property of VR1 is that it is also activated by heat (Caterina et al., 1997; Tominaga et al., 1998) . Another interesting property of VR1 is its activation by acid, indicating that protons can activate the channel (Tominaga et al., 1998) . It is now known that disruption of VR1 gene reduces inflammation-induced heat hyperalgesia (Caterina et al., 2000; Davis et al., 2000) . As a result, the view of the CAP receptor as a potential nociceptive heat and chemical sensor has gained a wide acceptance (Kress and Zeilhofer, 1999; Szallasi and Blumberg, 1999; Caterina et al., 2000; Davis et al., 2000) .
Capsaicin (CAP), the pungent ingredient of hot peppers, excites small sensory neurons and thereby causes pain or neurogenic inflammation (Bevan and Szolcsanyi, 1990; Szallasi and Blumberg, 1999) . In cultured dorsal root ganglion (DRG) neurons, CAP has been shown to activate a nonselective cation channel and produce influx of cations (Bevan and Szolcsanyi, 1990; Oh et al., 1996) . The activation of this cation channel is probably responsible for the excitation of a group of sensory neurons. A cDNA, vanilloid receptor 1 (VR1), that encodes a channel sensitive to CAP has recently been cloned (Caterina et al., 1997) . A striking property of VR1 is that it is also activated by heat (Caterina et al., 1997; Tominaga et al., 1998) . Another interesting property of VR1 is its activation by acid, indicating that protons can activate the channel (Tominaga et al., 1998) . It is now known that disruption of VR1 gene reduces inflammation-induced heat hyperalgesia (Caterina et al., 2000; Davis et al., 2000) . As a result, the view of the CAP receptor as a potential nociceptive heat and chemical sensor has gained a wide acceptance (Kress and Zeilhofer, 1999; Szallasi and Blumberg, 1999; Caterina et al., 2000; Davis et al., 2000) .
Recently, endogenous lipids such as anandamide and various metabolic products of lipoxygenases such as 12-hydroperoxyeicosatetraenoic acid and leukotriene B 4 have been shown to activate the CAP channel (Zygmunt et al., 1999; Hwang et al., 2000) . The three-dimensional structure of 12-hydroperoxyeicosatetraenoic acid, one of the lipoxygenase products, was found to superimpose reasonably well with that of capsaicin, suggesting that these lipids may potentially act as endogenous capsaicin-like substances (Hwang et al., 2000) .
During the course of our studies on the CAP channel, we observed that the channel activity in the cell-attached state with CAP in the pipette is always significantly higher than that after formation of the inside-out state. This difference in channel activity could not be explained by a change in membrane potential or ionic composition. Therefore, we speculated that there exists a cytosolic substance that helps to maintain the channel activity at a higher level and that its washout reduces channel activity. Activity of many ion channels is often modulated by phosphorylation (Levitan, 1994) . For example, activity of large conductance Ca 2ϩ -activated K ϩ channel in the brain increases after the addition of ATP via phosphorylation mediated by cAMP-dependent protein kinase A (PKA) (Baraban et al., 1985; Chung et al., 1991) or protein kinase C (PKC) (De Peyer et al., 1982; Ewald et al., 1985; Kume et al., 1989) .
In this study, we tested the hypothesis that intracellular ATP also modulates CAP channel activity in sensory neurons and examined the underlying molecular mechanism. We report here that ATP, although not an activator by itself, increases the CAP channel activity by directly interacting with the two putative Walker type nucleotide-binding sites, with no evidence of phosphorylation. Thus, intracellular ATP upregulates CAP channel activity in the intact native state and probably augments the nociceptive signal.
MATERIALS AND METHODS
Cell culture. Primary cultures of dorsal root ganglion neurons isolated from 1-or 2-d-old neonatal rats were used for recording single-channel currents as described previously (Hamill et al., 1981; Oh et al., 1996; Jung et al., 1999) . Briefly, dorsal root ganglia from all levels of thoracic and lumbar spinal cord of neonatal rats were collected in a cold washing solution (mixture of DM EM and F-12; Life Technologies, Grand Island, N Y). Ganglia were then incubated for 30 min in culture medium containing 1 mg /ml collagenase (Worthington, Freehold, NJ) at 37°C. The culture medium was a mixture of DM EM and F-12 solution containing 10% fetal calf serum (Life Technologies), 1 mM sodium pyruvate, 50 -100 ng /ml nerve growth factor (Boehringer Mannheim, Indianapolis, I N), and 100 U/ml penicillin /streptomycin (Life Technologies). Ganglia were then washed three times with Mg 2ϩ -and C a 2ϩ -free HBSS (Life Technologies) and then incubated in HBSS containing 2.5 mg /ml trypsin (Life Technologies) at 37°C for 30 min followed by a 10 min centrif ugation at 1000 rpm. The pellet was washed gently in culture medium and resuspended in the culture medium by gentle trituration. Suspended cells were plated on round glass coverslips pretreated with poly-L-lysine (0.5 mg /ml). C ells were incubated at 37°C in 95% air and 5% C O 2 mixture and used 2-4 d after plating.
Site-directed mutagenesis and e xpression of V R1 in ooc ytes. Mutations within the putative Walker A and B motifs found in the amino acid sequence of V R1 were introduced into pSDTF-V R1 (courtesy of T. P. Snutch of University of British Columbia) using recombinant PCR (Higuchi, 1990) . Oligonucleotide primers for V R1-D178N (5Ј-C TGC T-CC TGAACGTTGCCCGGAAGACA-3Ј) or V R1-K735R (5Ј-CC TGAC -GGCAGGGATGAC TACCGGTGG-3Ј) mutants were designed to make single-base changes (italic). Mutations were produced in two steps. Briefly, two separate amplification reactions, one using sense primer HindIII (5Ј-CCCAAGCTTGCCGCCACCATGGAACAACGGGCTAGC-3Ј) and mutant antisense primer and the other using mutant sense primer and KpnI antisense primer (5Ј-CCGGTACCTTATTTCTCCCCTGGGAC-3Ј), were performed simultaneously for each mutant construct. The two reaction products were separated on a 1% agarose gel. DNA bands were excised and used as template for a second PCR amplification using HindIII and KpnI primers. For mutation in both Walker A and B motifs, V R1-K735R and V R1-D178N DNAs were digested with SacII and XbaI, respectively, and the 1.3 kb fragment of K735R and the 4.4 kb fragment of D178N were ligated. Mutations were verified by sequencing around the sites of the mutation. DNA was linearized downstream of V R1 cDNA at the XbaI site. cRNA was generated with SP6 promoter using Megascript in vitro transcription kit (Ambion, Austin, TX). The concentration of cRNA was measured from the absorbance at 260 nm and stored at Ϫ70°C in RNasefree water.
Xenopus oocytes were surgically removed and defolliculated by treating oocytes with collagenase (type IA; Sigma, St. L ouis, MO; 2 mg /ml) for 1-1.5 hr at room temperature in a solution containing (in mM): 82 NaC l, 20 MgC l 2 , 5 H EPES, and 2 KC l, pH 7.5. Each oocyte was injected with ϳ50 nl of cRNA (ϳ25 ng of cRNA) encoding wild-type or mutant V R1. Three to five days after the injection, vitelline membrane of oocytes was removed by incubating the oocytes with protease (type X X V II; Sigma; 0.5 mg /ml) for 10 min. The action of protease was terminated after washing in a solution containing a trypsin inhibitor (1 mg /ml; type II-S; soybean; Sigma). The stripped oocytes were then placed in a recording chamber for single-channel recording.
Electrophysiolog y. Gigaseals were formed with borosilicate glass capillaries (Narishige, Tokyo, Japan) coated with Sylgard (Dow Corning, Midland, M I). Tip resistances of the glass pipettes used were ϳ5 M⍀. For singlechannel recording, inside-out patches isolated from cultured sensory neurons or oocytes were formed as described previously (Hamill et al., 1981) . Single-channel currents were recorded with a patch-clamp amplifier (Axopatch 1D; Axon Instruments, Foster C ity, CA), filtered at 2.5 kHz with an eight pole, low-pass Bessel filter (Frequency Device, Haverhill, M A), digitized at 37 kHz with a digital data recorder (Instrutech, Great Neck, N Y), and stored on videotapes. Digitized data were imported to a computer to obtain mean open times, amplitude histograms, and open probability (Po). The half-amplitude algorithm in Fetchan (pC lamp; Axon Instruments) was used to detect open events. Using pC lamp software, Po was calculated as the value equal to the area under the curve representing open events divided by the sum of the areas under the curves representing open and closing events. Channel activity was calculated as NPo, where N is the number of observed channels in the patch. NPo of single-channel currents was determined only from membrane patches that contained less than six CAP-activated channels.
Solutions and chemicals. For recording single-channel currents in cultured DRG neurons or oocytes, control bath and pipette solutions contained (in mM): 140 NaC l, 2 MgC l 2 , 5 EGTA, and 10 H EPES, pH 7.2. Mg 2ϩ -free solution contained (in mM): 140 NaC l, 5 EDTA, and 10 H EPES, pH 7.2. The bath solution having K ϩ as the charge carrier contained (in mM): 140 KC l, 2 MgC l 2 , 5 EGTA, and 10 H EPES, pH 7.2. CAP was dissolved and stored as 10 mM stock solution in 100% ethanol. ATP, adenylimidodiphosphate, adenosine 5Ј-O-(3-thio)-triphosphate, 2-deoxy ATP, and other nucleotide triphosphates were dissolved in water, pH 7.0, stored as 100 mM or 10 mM stock solutions, and kept at Ϫ70°C. H-7 or other kinase inhibitors (Research Biochemicals, Natick, M A) were stored at 10 mM as stock solutions. A C a 2ϩ -calmodulin dependent kinase II (C aM K II) inhibitor, C aM K II 281-301 (Research Biochemicals), was prepared in the control bath solution immediately before use. All electrophysiological experiments were performed at room temperature.
All values are expressed as mean Ϯ SEM. ANOVA followed by a T ukey post hoc test was used for analysis of multiple comparisons among means. p Ͻ 0.05 was considered significant.
RESULTS

ATP stimulates CAP channel activity (i cap )
In cell-attached patches with CAP in the pipette, nonselective ion channels with properties of i cap are activated, as reported previously (Fig. 1 A; Oh et al., 1996) . Under the cell-attached condition, the channel activity is maintained with little or no desensitization in the absence of external Ca 2ϩ . However, after formation of inside-out patches, a marked decrease in channel activity is observed whether the bath solution contains 140 mM Na ϩ or K ϩ . Application of 1 mM ATP to the cytoplasmic side of the membrane elevated the channel activity to levels close to that observed in the cell-attached state ( Fig. 1 A, graph in inset) . These observations indicate that intracellular ATP upregulates the activity of CAP channels when they are in the open state. Figure 1 B shows an inside-out patch in which the cation channels were activated with CAP applied to the cytoplasmic side of the membrane. Stable and prolonged activation of i cap is normally observed in the continuous presence of 1 M CAP to the bath solution (up to 40 min). In the same patch, addition of 1 mM ATP to the bath together with 1 M CAP resulted in a 2.6-fold increase in activity of the channel (NPo ϭ 0.65 Ϯ 0.18 vs 1.72 Ϯ 0.26; p Ͻ 0.001; n ϭ 24; Fig. 1 B, graph in inset). Similar enhancing effect of ATP on i cap was observed when the charge carrier was changed from Na ϩ to K ϩ (2.1-fold increase; n ϭ 4). In patches in which CAP was initially not present and therefore i cap not open, application of 1 mM ATP alone failed to activate i cap (n ϭ 4). When CAP was subsequently added in the presence of ATP (1 mM), i cap was quickly activated in same patches (Fig. 1C) . These results show that ATP itself is not an activator of i cap but is a positive modulator of the CAP channel. 
Concentration-response relationship of the ATP effect
A concentration-dependent effect of ATP was obtained by applying increasing concentrations of ATP from 0.06 to 20 mM to inside-out patches containing CAP channels already activated with 1 M CAP. With each application of [ATP], a stable channel activity was obtained for 1-2 min. Channel activity started to increase at 0.3 mM ATP and continued to increase even up to 20 mM. Near-maximal effect was observed with 10 mM ATP. Fold increase in channel activity obtained at each concentration of ATP was plotted as a function of [ATP] . Data points were fitted to the Hill equation of the form:
where F M AX is the maximal fold increase obtained after addition of 20 mM ATP, K D is the half-maximal concentration of ATP, and n is the Hill coefficient. As shown in Figure 3 , the mean K D obtained from the plot was 3.3 mM, and the Hill coefficient was 0.7. The high K D value obtained is two orders of magnitude greater than that normally required for a kinase-mediated phosphorylation reaction (Krebs and Beavo, 1979; Francis and Corbin, 1994; Hilgemann, 1997 ).
Role of Mg 2؉ and kinases
ATP often serves as a donor of a phosphate group to proteins. Therefore, the increase in i cap by ATP may be via phosphorylation of the CAP channel. Mg 2ϩ is a necessary cofactor for the action of kinases (Eckstein, 1985; Levitan, 1994) . Therefore, to determine whether the increase in i cap by ATP depends on a kinase-mediated phosphorylation of the channel, the response of i cap to ATP was tested in a Mg 2ϩ -free solution. In an inside-out patch perfused with a solution containing no free Mg 2ϩ (5 mM EDTA without added Mg 2ϩ ), 1 M CAP was first applied to activate i cap . Under this condition, further application of 1 mM ATP augmented i cap 3.0-fold (NPo ϭ 0.28 Ϯ 0.07 vs 0.85 Ϯ 0.14; n ϭ 5). Replacing with 1 mM Mg-ATP produced no further increase in i cap (Fig. 4) . Therefore, the upregulation of i cap by ATP does not require Mg 2ϩ , and this is consistent with the view that the ATP effect does not involve phosphorylation of the channel by a kinase.
To provide additional evidence that phosphorylation is not involved, inhibitors of various protein kinases were applied to membrane patches together with 1 M CAP, and then 1 mM ATP was applied subsequently. Pretreatment with 20 M H-7, a nonspecific inhibitor of protein kinases A, C, and G for ϳ7 min failed to block the increase in i cap by ATP (Fig. 5A) . We tested the effect of genistein and lavendustin A, inhibitors of tyrosine kinase, on CAP channel activity. Interestingly, genistein (20 M) or lavendustin A (1 M) inhibited i cap when applied with CAP such that we could not test the effect of ATP. We therefore used staurosporine, a nonspecific kinase inhibitor known to block various kinases, including tyrosine kinases (Fallon, 1990; Badwey et al., 1991) . Staurosporine (1 M) also failed to block the ATP effect on i cap (Fig. 5B) . We also applied a peptide inhibitor of Ca 2ϩ -calmodulin dependent kinase II, CaMKII 281-301 (10 M), to the bath along with ATP and CAP. CaMKII 281-301 did not block the increase in i cap produced by ATP (Fig. 5D ). In the presence of a mixture of H-7 (20 M), staurosporine (1 M) and the peptide inhibitor of CaMKII (10 M), CAP was able to produce a typical activation of the CAP channel. The mixture of inhibitors failed to block the increase in i cap produced by ATP (Fig. 5C ), providing further evidence that ATP augment i cap via a pathway that does not involve phosphorylation by protein kinase A, C, and G, Ca 2ϩ -calmodulin dependent kinase II, and possibly tyrosine kinases.
Effects of ATP analogs and other nucleoside triphosphates
To further examine the nature of ATP-dependent modulation of the CAP receptor activity, we studied the effect of nonhydrolyzable analogs of ATP and other nucleoside phosphates. CAP channels were first activated with 1 M CAP in inside-out patches. As shown in Figure 6 A, further application of 1 mM adenylimidodiphosphate (AMP-PNP) to the cytoplasmic side of inside-out patches resulted in a significant increase in channel activity (3.0-fold; 0.48 Ϯ 0.20 vs 1.42 Ϯ 0.41; p Ͻ 0.05; n ϭ 7). When AMP-PNP was washed off and 1 mM ATP applied, no further increase in channel activity was present. This indicates that the increase in channel activity by ATP does not require hydrolysis of ATP. Another nonhydrolyzable analog of ATP, adenosine 5Ј-O-(3-thio)-triphosphate (ATP␥S), also markedly augmented the channel activity 3.0-fold (0.70 Ϯ 0.21 vs 2.07 Ϯ 0.55; p Ͻ 0.05; n ϭ 4) in a reversible manner (Fig. 6 B) . Nucleoside triphosphates other than ATP such as GTP, UTP, CTP, or ITP (1 mM each) failed to significantly alter i cap (Fig. 6C) , indicating that only ATP augments the i cap . 2-Deoxy ATP (1 mM) was as effective as ATP in increasing i cap . These results suggest that ATP augment i cap by an allosteric mechanism that involves binding of ATP to a site that is distinct from the activation site.
Removal of the ATP effect by mutations in the nucleotide-binding domains of VR1
The cloned CAP channel VR1 possesses two putative sequences that are homologous to the Walker A and B type nucleotidebinding domains (Walker et al., 1982) . Walker B type sequence is found in the N terminus, and the Walker A type sequence is found in the C terminus (Fig. 7A) . To determine whether ATP binds to one or both of these potential nucleotide-binding domains to produce its modulatory effect, invariant amino acids known to be critical for nucleotide binding were mutated. Wild-type and mutant VR1 were expressed in oocytes, and the effects of both CAP and ATP were examined. In inside-out patches isolated from oocytes expressing wild-type VR1, intracellular application of 0.2 M CAP activated i cap . In the same patch, addition of 2 mM ATP augmented i cap 2.3 Ϯ 0.2-fold ( p Ͻ 0.005; n ϭ 7), showing that ATP also augments VR1 activity (Fig. 7B) . To determine the contribution of the Walker A-type motif, we mutated the lysine residue (K735) that is invariant among glycine-rich Walker A-type motifs (GXXXXGK) to another positively charged arginine (Walker et al., 1982; Driscoll et al., 1995; Hung et al., 1998) . In oocytes injected with cRNA of the mutant VR1 (VR1-K735R), 0.2 M CAP produced activation of i cap , but further addition of 2 mM ATP failed to augment i cap (Fig. 7C) .
A putative Walker-type B motif is present in the cytoplasmic N terminus of VR1. Here, four to six hydrophobic amino acids are followed by a highly conserved aspartate residue (Walker et al., 1982; Saraste et al., 1990; Hung et al., 1998) . We mutated the highly conserved aspartate residue to asparagine, a structurally similar but uncharged amino acid. In oocytes expressing this mutant (VR1-D178N), CAP was able to activate i cap , but ATP failed to further increase the channel activity (Fig. 7D) . As expected, ATP did not augment i cap when mutations (VR1-D178N/K735R) were made at both sites (Fig. 7E) . These results show that interaction of ATP with both putative nucleotide-binding domains that lie in the Nand C termini are necessary for the enhancing effect of ATP to occur.
DISCUSSION
CAP-activated channels that exist in a group of small sensory neurons are believed to be involved in the generation of multiple forms of nociceptive neural signals and are now considered as molecular pain transducers for various noxious stimuli (Kress and Zeilhofer, 1999; Szallasi and Blumberg, 1999; Caterina et al., 2000; Davis et al., 2000) . Thus, study of the mechanisms by which the CAP receptor is modulated by various factors will greatly aid in understanding the cellular processes underlying nociception. In the present study, we show that the CAP receptor is modulated by intracellular ATP in isolated membrane patches of cultured sensory neurons. We have provided evidence that ATP interacts with the putative nucleotide-binding domains of the CAP receptor to enhance the channel activity. Our results are consistent with the view that ATP augments CAP-activated channel activity by an allosteric mechanism.
Activation of the CAP-activated channel by ATP analogs
AMP-PNP and ATP␥S are nonhydrolyzable ATP analogs that are frequently used to test whether a reaction involves phosphorylation and requirement for ATP hydrolysis. For example, AMP-PNP has no apparent effect on the activity of Ca 2ϩ -activated K ϩ channel that is known to be modulated only by phosphorylation by kinases (Chung et al., 1991; Esguerra et al., 1994) . Our results that AMP-PNP augments i cap suggest that the modulation of the CAP receptor by ATP occur via a phosphorylation-independent pathway. ATP␥S, another nonhydrolyzable analog of ATP, is a substrate for most kinases but a poor substrate for phosphatases (Eckstein, 1985) . Therefore, the effect of ATP␥S is generally irreversible and persistent such as that observed with a Maxi-K ϩ channel (Chung et al., 1991; Esguerra et al., 1994) . In our study, ATP␥S was able to increase i cap in cultured sensory neurons, but this effect of ATP␥S was reversible (Fig. 6 B) , suggesting that ATP␥S interact with the CAP receptors as an allosteric modulator rather than a phosphorothionate donor. These results, together with those showing that Mg 2ϩ is not required and protein kinase inhibitors do not block the effect of ATP strongly suggest that modulation of the CAP receptor channel by ATP involve a binding site.
Lack of involvement of P 2 X receptor and cytoskeleton
P 2 X receptor, a ligand-gated ion channel activated by extracellular ATP, is present in sensory neurons and may be involved in mediating nociception via release of ATP or its congeners to the extracellular matrix (Valera et al., 1994; Chen et al., 1995) . Recently, it was reported that ϳ75% of VR1-expressing DRG neurons also possess ATP-sensitive P 2 X 3 receptors (Guo et al., 1999) . Thus, it is possible that the effect of intracellularly applied ATP observed in inside-out patches occurred via P 2 X receptors (Segula et al., 1996; Hansen et al., 1997; Freist et al., 1998) as a result of ATP translocation to the extracellular side of the membrane. This seems unlikely for several reasons. First, ATP is negatively charged in physiological solution and thus cannot cross the cell membrane easily. Second, the conductance of P 2 X channel is much smaller than that of the CAP-activated channels (ϳ20 vs 45 pS), but such P 2 X channels were not observed. Finally, in patches containing the CAP receptor, application of 1 mM ATP alone to the bath failed to induce single-channel currents in cultured DRG neurons (Fig. 1C) . However, it is still possible that the CAP receptor can lead to translocation of ATP only in the presence of external CAP. The possibility, however, seems unlikely because internal ATP (1 mM) still enhances i cap activated by external CAP and ATP (data not shown). Therefore, one can rule out the involvement of P 2 X receptors in ATP-induced augmentation of the CAP receptor channel activity.
Many transporters or channels are anchored to the membrane by direct or indirect linkage to cytoskeletal proteins. Intracellular levels of ATP affect assembly of cytoskeletal protein such as actin (Calier, 1993) . Depletion of ATP causes depolymerization of actins associated with the plasma membrane (Golenhofen et al., 1996) . Thus, the enhancing effect of ATP on i cap could involve cytoskeletal rearrangement and polymerization of actin. When cells were pretreated with cytochalasin B to disrupt the actin microfilaments, the ATP effect was still present (data not shown). Therefore, the ATP effect on the CAP channel does not involve actin polymerization. 
Role of nucleotide-binding domains in the modulation of the CAP receptor by ATP
Transporters and channels such as CFTR and sulfonylurea receptor possess ATP-binding cassettes (ABC) that bind nucleotides such as ATP (Nagel, 1999; Ueda et al., 1999) . ABC transporters have two nucleotide-binding domains, Walker A and B motifs, and a signal sequence between their primary structures (Walker et al., 1982; Decottignies and Goffeau, 1997; Hung et al., 1998) . VR1 does not have the typical nucleotide-binding domain repeats that ABC transporters or channels possess. However, VR1 contains each of the Walker A and B motifs, suggesting that ATP may potentially interact with these nucleotide-binding domains. Walker A motif forms a glycine-rich loop that is known to bind phosphate groups of ATP. Some variances in nucleotide sequences of the Walker motifs have been reported such as GXXGXGK(T/S) (Walker et al., 1982; Thomas et al., 1996) , GXXXXGK (Driscoll et al., 1995) , or GXXGXXK (Satishchandran et al., 1992) , where X represents any amino acid. However, the lysine residue of the motifs is invariant (Walker et al., 1982; Driscoll et al., 1995; Thomas et al., 1996; Hung et al., 1998) . The crystal structures of ATPases and ATP-binding proteins show that the invariant lysine interacts directly with the ␤-and ␥-phosphate groups of bound ATP (Story and Steitz, 1992; Hung et al., 1998) . Replacing the lysine residue in the Walker A motif to other amino acids, including arginine, results in the loss of allosteric binding, ATP hydrolysis, and ligand translocation of ABC transporters (Shyamala et al., 1991; Hung et al., 1998; Ramjeesingh et al., 1999; Weinreich et al., 1999) . In VR1, replacing the lysine residue with arginine also resulted in complete loss of the ATP effect.
Walker B motif is identified generally by a stretch of four to six hydrophobic amino acids followed by a highly conserved aspartic acid (Walker et al., 1982; Hung et al., 1998) . Story and his colleagues have suggested that the invariant aspartate in the Walker B motif coordinates with Mg 2ϩ in the Mg-ATP complex (Story and Steitz, 1992; Story et al., 1993) . However, the crystal structure of the ATP-binding subunit of a histidine permease, an ABC transporter from prokaryote, reveals that the aspartate in Walker B motif interacts with the ␥-phosphate group of ATP via a water molecule that is usually occupied by Mg 2ϩ required for ATP hydrolysis (Hung et al., 1998) . This suggests the possible interaction of the aspartate in the Walker B motif with ATP without coordination with the divalent ions. Regardless of the molecular species coordinating with the aspartic acid residue, mutation of the aspartic acid results in the loss of binding ability of nucleotide and transport, suggesting the functional requirement of the Walker B motifs (Minard et al., 1990; Shyamala et al., 1991; Senior and Al-Shawi, 1992; Hung et al., 1998) . In VR1, Walker B motif is found in the IALLLD sequence within the N terminus of the cytoplasmic domains. In the present study, substitution of the invariant aspartate to asparagine at Walker B motif resulted in the loss of enhancing effect of ATP, without affecting the ability of CAP to activate i cap . These mutation studies show that ATP binding to both nucleotide-binding sites is critical for channel modulation. Because ATP itself does not activate the CAP receptor channel, but addition of ATP to CAP increases the open time duration, ATP may be considered an allosteric modulator that alters the channel conformation to a long-open state.
Physiological role of intracellular ATP
CAP receptor serves as a sensor for multimodal noxious stimuli, as partly shown in mice deficient of VR1 gene (Kress and Zeilhofer, 1999; Szallasi and Blumberg, 1999; Caterina et al., 2000; Davis et al., 2000) . Therefore, activity of the channel may correlate with the intensity of signal transmission of pain. The allosteric modulation of i cap by intracellular ATP reported here will clearly contribute to the regulation of sensitivity of the CAP channel to noxious stimuli. As shown in Figure 1 and also reported previously (Oh et al., 1996) , activity of the CAP receptor is greater in cell-attached than in inside-out patches. The EC 50 of CAP in activating CAP receptors determined from whole-cell experiments with DRG neurons is lower than that from isolated-membrane patches (0.7 vs 1.1 M) (Oh et al., 1996; Koplas et al., 1997) . Our finding that intracellular ATP augments the CAP channel activity can explain such a difference. Because intracellular ATP in cells is normally kept at high concentration (4 -5 mM), it seems likely that the CAP receptor is maintained in ATP bound state, providing the full activation of the CAP channel under physiological conditions. Because the K D for the ATP effect is relatively high (3.3 mM), a decrease in [ATP] i produced by ischemia or hypoxia could in principle reduce the CAP channel activity by decreasing the modulatory influence of ATP.
Although we observed an allosteric modulation of the channel by ATP binding to the channel protein, we cannot completely exclude the possibility that ATP helps the CAP receptors undergo changes in activity via phosphorylation. In this regard, the role of PKA in sensitizing the CAP receptors has been suggested earlier (Lopshire and Nicol, 1998) . Nevertheless, results of the present study performed in Mg 2ϩ -free condition, mimic of the effect by nonhydrolyzable ATP analogs, requirement of high [ATP] , and interaction of ATP on the nucleotide-binding domains of VR1 indicate that a significant part of the ATP effect is mediated by a phosphorylationindependent mechanism. The precise physiological significance, however, of the ATP modulation of the channel in sensory neurons needs to be studied further.
